The pressure dependences of resistivity and ac susceptibility have been measured in the mineral calaverite AuTe2. Resistivity clearly shows a first-order phase transition into a high-pressure phase, consistent with the results of a previous structural analysis. We found zero resistivity and a diamagnetic shielding signal at low temperatures in the high-pressure phase, which clearly indicates the appearance of superconductivity. Our experimental results suggest that bulk superconductivity appears only in the high-pressure phase. For AuTe2, the highest superconducting transition temperature under pressure is Tc = 2.3 K at 2.34 GPa; it was Tc = 4.0 K for Pt-doped (Au0.65Pt0.35)Te2. The difference in Tc between the two systems is discussed on the basis of the results obtained using the band calculations and McMillan's formula.
Crystal structure plays a crucial role in the appearance of superconductivity. In iron pnictides, structural phase transition from a high-temperature tetragonal phase to a low-temperature orthorhombic phase is suppressed by chemical substitution or pressure, and superconductivity mainly appears in the tetragonal phase.
1-3) IrTe 2 also shows superconductivity when its structural phase transition from a high-temperature trigonal structure to a low-temperature monoclinic structure is suppressed by the substitution of Pt for Ir, Cu-intercalation, and so on. [4] [5] [6] [7] Since this structural phase transition is characterized by the formation of Ir-Ir bonds along the baxis, this superconductivity can be interpreted by bondbreaking-induced superconductivity. Moreover, it has recently been found that the making and breaking of dimers or bonds change the electronic state markedly and induce superconductivity or magnetic order in several compounds. [8] [9] [10] [11] [12] Therefore, it is important in the search for a new phase to investigate low-temperature properties near chemical bonding instability.
The mineral calaverite AuTe 2 has a incommensurately modulated monoclinic structure. The average structure of AuTe 2 is a monoclinically distorted CdI 2 -type structure with the space group C2/m (No. 12), as shown in Fig. 1 .
13) The two-dimensional Au planes and Te layers are stacked alternately. In this average structure, Te atoms form zigzag chains with an interatomic distance of 3.20Å. In the actual structure, incommensurate modulation (q = -0.4076a * + 0.4479 c * ) induces the breaking up of zigzag chains and the formation of isolated Te 2 dimers with a short interatomic distance of For drawings of the crystal structure, the software Vesta was used. 14) 2.88Å. 15) Although the charge density wave state or mixed-valence state of Au + (5d 10 ) and Au 3+ (5d 8 ) is proposed to be the origin of such incommensurate modulation, 16) X-ray photoelectron spectroscopy and first principles calculation indicate the homogeneous monovalent Au + state of AuTe 2 to be the case. 17, 18) In addition, the calculated Fermi surface of the average structure shows that the modulation cannot be understood in terms of Fermi-surface nesting.
18) The origin of the incommensurate modulation remains unclarified. The incommensu-rately modulated structure changes to a modulation-free trigonal (distortion-free) CdI 2 -type structure at room temperature at 2.5 GPa with pressure application.
19)
In the high-pressure trigonal phase, Te 2 dimers break up. Quite recently, it has been reported that Pt substitution induces structural phase transition to a trigonal phase and that dimer-breaking-induced superconductivity appears at a superconducting transition temperature T c = 4.0 K at ambient pressure.
5) Therefore, it is expected that superconductivity will also appear in the high-pressure trigonal phase.
In this study, we measured the pressure dependences of resistivity and ac susceptibility up to ∼ 4.2 GPa and found superconductivity at T c ≃ 2 K in the high-pressure phase. We also performed first-principles band calculations of the average structure of the low-pressure monoclinic phase and trigonal structure. The calculated Sommerfeld coefficient γ, which is proportional to the density of states at around the Fermi energy D(E F ) in the low-pressure monoclinic phase, is clearly larger than that estimated from the specific heat measurement. This disagreement suggests that the calculation of the average structure does not reproduce the actual band structure, indicating the importance of Te 2 dimers due to the incommensurate modulation of the crystal structure for the electronic state.
Single crystals of AuTe 2 were grown by heating a mixture of Au (99.99%) and Te (99.99%). The stoichiometric amount of the powder mixture was sealed in an evacuated quartz tube. The ampules were heated to 470 o C at 18 o C/h, then heated to 600 o C at 6.5 o C/h, and finally cooled to room temperature at 11.5 o C/h. The obtained single crystals were confirmed to be single-phase AuTe 2 by powder X-ray diffraction analysis using a Rigaku RINT-TTR III X-ray diffractometer with Cu Kα radiation. Electrical resistivity (ρ) and ac susceptibility (χ ac ) measurements at high pressures of up to ∼ 4.2 GPa were carried out using an indenter cell. 20) Temperature dependence measurements at each pressure were carried out in the pressure-increasing process. Electrical resistivity was measured by a standard four-probe method. Ac susceptibility was measured by the mutual-inductance technique using a lock-in amplifier. The sample was shaped into a block with dimensions of approximately 1.0 × 0.4 × 0.1 mm 3 for electrical resistivity measurements. For ac susceptibility measurements, we used powdered samples. We used Daphne 7474 as the pressure-transmitting medium.
21) The applied pressure was estimated from the T c of the lead manometer. Since the applied pressure decreases by approximately 0.2 GPa on cooling, the actual pressure at high temperatures is larger than the displayed pressure. Figure 2 shows the temperature dependence of ρ(T ) at several pressures. At ambient pressure, resistivity mono- tonically decreases on cooling down to 1.5 K, which is consistent with a previous report.
5) A residual resistivity ρ 0 = 0.78 µΩ·cm and a residual resistivity ratio ρ(290 K)/ρ 0 ≃ 350 indicate good sample quality. By applying pressure, ρ(T ) in the enire temperature range is drastically suppressed with increasing pressure up to ≃ 2.6 GPa, as shown in Fig. 2 (a) . ρ(290 K) at 2.61 GPa becomes approximately 14 times smaller than that at ambient pressure. In a normal metal, ρ can be described as ρ = m * /(e 2 nτ ), where m * is the effective mass of an electron, e is the elementary charge, n is the charge carrier density, and τ is the electron relaxation time. There- fore, the decrease in ρ originates from the increase in n and/or the decrease in the electron scattering rate 1/τ , indicative of the marked change in the electronic state with pressure. Above ∼ 3 GPa, ρ(T ) does not change so much with pressure.
In the pressure range between 1.77 and 2.72 GPa, ρ(T ) shows a broad peak structure at high temperatures. This behavior becomes noticeable at 2.61 GPa. At 2.61 GPa, ρ(T ) markedly changes at ≃ 250 K on cooling and at ≃ 270 K on warming, as shown in Fig. 2(b) , similarly to the case of IrTe 2 .
4) This first-order phase transition might originate from structural phase transition. The pressure dependence of ρ(290 K) also suggests the occurrence of the structural phase transition at ≃ 2.6 GPa, as shown in the upper panel of Fig. 3 , which is consistent with a previous report.
19) The anomaly in ρ becomes smaller and the temperature for the anomaly decreases at 2.74 GPa.
At low temperatures, zero resistivity is observed above 2.12 GPa. T c is determined to be the temperature at which zero resistivity is obtained. With increasing pressure, T c increases up to 2.34 GPa and decreases above it. The maximum of T c is 2.3 K at 2.34 GPa. Below 2.7 GPa, the superconducting transition is broad and the diamagnetic shielding fraction is smaller than that in the highpressure phase, as shown in Fig. 4 . It seems that a phase separation of the low-and high-pressure phases exists between ∼ 1.7 and ∼ 2.7 GPa and that superconductivity appears only in the high-pressure phase. Actually, an anomaly in ρ(T ) corresponding to the structural phase transition is observed even below 2.6 GPa, as shown in Fig. 2(b) . Figure 3 shows the T − P phase diagram in AuTe 2 . T c is determined by resistivity and ac susceptibility measurements. The pressure dependence of ρ(290 K) is also plotted in the upper panel of Fig. 3 . The resistivity slope changes at ≃ 1.7 and ≃ 2.6 GPa. As mentioned above, there is a phase separation region between the low-and high-pressure phases. This is consistent with the x dependence of the lattice parameters of the Pt-doped system (Au 1−x Pt x )Te 2 .
5) We estimated a phase separation region from the resistivity slope. T c in the high-pressure phase monotonically decreases with increasing pressure.
In order to discuss the variation in the electronic structure by structural phase transition, we performed firstprinciples band-structure calculations in the low-pressure monoclinic phase and high-pressure trigonal phase of AuTe 2 , on the basis of local density approximation and the FLAPW method. Figure 5 shows the energy dependences of the partial density of states in the low-pressure monoclinic phase and high-pressure trigonal phase. In the low-pressure phase, we calculate the electronic state of the average structure. For comparison, the partial density of states of (Au 0.65 Pt 0.35 )Te 2 (trigonal structure) is also displayed. We put atoms of Z = 78.65 at Au sites for the calculation of (Au 0.65 Pt 0.35 )Te 2 (virtual crystal approximation). Here, Z is the atomic number. Structural parameters taken from the literature are used.
5, 19)
The calculated γ in the low-pressure monoclinic phase [γ cal = 3.6 mJ/(mol· K
2 )] is approximately three times larger than that estimated from the specific heat measurement [γ exp = 1.1 mJ/(mol· K
2 )]. 5) Generally, the ex- In the low pressure phase, we calculate the electronic state of the average structure. The dotted lines represent the Fermi energy. We put atoms of Z = 78.65 at Au sites for the calculation of (Au 0.65 Pt 0.35 )Te 2 (virtual crystal approximation). Here, Z is the atomic number. The disagreement between the calculated γ and experimental γ suggests that the calculation of the average structure does not reproduce the actual band structure.
perimental γ becomes larger than the calculated γ owing to electron-phonon and/or electron-electron interaction. Therefore, this disagreement suggests a largely different electronic structure between average and modulated structures. The calculation of the average structure does not reproduce the actual band structure. Since the γ cal in the lowest-order commensurate approximate super lattice with q = − 1 2 a * + 1 2 c * is almost the same as that in the average structure of the low-pressure phase, 18) the lowest-order commensurate approximate super lattice is not sufficient for the approximation of the actual structure. Isolated Te 2 dimers are formed by the incommensurability of structural modulation and Te 2 dimers affect the electronic structure.
Finally, we argue the difference in T c between pressureinduced superconductivity and Pt-doping-induced superconductivity. For AuTe 2 , T c = 2.3 K at 2.34 GPa, which is the highest T c under pressure, while T c = 4.0 K for (Au 0.65 Pt 0.35 )Te 2 . One of the differences between the two systems is in the carrier number. Pt doping at the Au site corresponds to hole doping. Thus, E F is shifted to the low-energy side by Pt doping and D(E F ) increases, as shown in Fig. 5 . Actually, the γ cal in (Au 0.65 Pt 0.35 )Te 2 is larger than that in the high-pressure phase, as shown in Table I . These results indicate a close relationship between T c and D(E F ) ∝ γ. Therefore, we try to calculate the γ dependence of T c in this system. According to McMillan's formula, 22) T c is determined as
where Θ D is the Debye temperature, λ is the electronphonon coupling constant, and µ * is the Coulomb pseudopotential. Note that both λ and µ * are related to γ. We assume that λ and µ * are proportional to γ, and λ and µ * are represented by the normalized value D(E F ). The variation in the electronic structure due to incommensurate modulation prevents the appearance of superconductivity since the calculated T c becomes sufficiently large with γ cal in the average structure of the lowpressure monoclinic phase. Moreover, the maximum T c in this system will be realized in (Au 0.65 Pt 0.35 )Te 2 , since the Fermi energy in (Au 0.65 Pt 0.35 )Te 2 locates around the peak of the density of states, as shown in Fig. 5 (c) . In summary, we measured the pressure dependences of resistivity and ac susceptibility in AuTe 2 . In the lowpressure incommensurately modulated monoclinic phase, resistivity is strongly suppressed by applying pressure. The γ cal in the low-pressure monoclinic phase is clearly larger than that estimated from the specific heat measurement. This disagreement suggests that the calculation of the average structure does not reproduce the actual band structure, implying the importance of Te 2 dimers due to the incommensurate modulation of the crystal structure for the electronic state. In the highpressure phase, which seems to correspond to the trigonal structure, zero resistivity and a diamagnetic shielding signal are observed at low temperatures, which clearly indicates the appearance of superconductivity. For AuTe 2 , T c = 2.3 K at 2.34 GPa, which is the highest T c under pressure, while T c = 4.0 K for Pt-doped (Au 0.65 Pt 0.35 )Te 2 . The difference in T c between the two systems can be explained by the difference in D(E F ) based on McMillan's formula.
